Abstract-Pneumatic actuators are highly nonlinear characteristics and uncertainties make it difficult to achieve high performances. The objective of this paper is to present a brief overview of pneumatic actuators based on modeling and control strategies that has been 
proposed by various researchers. Before the main discussion, some background information will be presented in a relation to pneumatic actuators. This review concludes with a short summary and discussion of modeling and control approaches of pneumatic actuators. The implication of this paper is for further improving the performance of existing pneumatic actuators.
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I. INTRODUCTION
Nowadays, pneumatic actuators have become an important driving element that extensively used in industrial robotics and automation. Due to their special attributes, pneumatic actuators have become alternate actuator in automated material handling task.
The compressibility of air and friction in the pneumatic actuators are the main factors to the nonlinearities in the system that makes the pneumatic actuators difficult to control. A high number of unknown parameters need to be identified in order to achieve a dynamical response closed to real systems. In 1950s, the study on the pneumatic actuators has become vigorous due to the increasing demands of automation in industrial production lines. The first theoretical basis of the pneumatic system dynamic control was initially made by Prof. J. L. Shearer in 1956 [1] . Shearer derived the dynamic of the system according to nonlinear differential equations and then followed by the linear model. Shearer's methodology toward developing the model has been used in most subsequently researches. In the modeling, several types of valves were used in pneumatic actuator system: valve types like on-off solenoid valve [2] [3] and proportional valve [4] . The advantages of on-off solenoid valves is simple system structure and low cost [2] . Yet, it also has disadvantages that include lacking in flexibility, very difficult to achieve high positioning and time accuracy to synchronize with other packaging events [2] . Meanwhile, the proportional valve is complicated and is difficult to control [5] .
The main body of the review dealing with (II) pneumatic actuator applications, (III) pneumatic actuator contributions, (IV) pneumatic actuator modeling, (V) pneumatic actuator controller design and (VI) in the last section is the short summary and discussion on pneumatic actuators.
II. PNEUMATIC ACTUATOR APPLICATIONS
In 1999, an application of pneumatic actuator was investigated for food packaging in production line [2] . The control strategy was applied in a combination with a modified PID controller to a pusher mechanism in the packaging of confectionery product. In 2005, a pneumatic actuators was developed in construction robot [6] . A construction robot used in the work of attaching the ceramic tile. Other applications of pneumatic actuator was applied in Jack hammer, power drills [4] and blow molding process as a manufacturing applications [4] . Instead of manufacturing application, pneumatic actuators also have been applied to a physical human interface. Distributed physical human interface machine interaction was investigated using intelligent pneumatic cylinder to form an Intelligent Chair Tool in 2008 [7] . In earlier 2010, pneumatic actuators have been applied to a clinical robot assistant. For the enhanced detection and treatment, pneumatic actuator has been applied to an Magnetic Resonance Imaging (MRI) guided prostate biopsy and brachytherapy for accurate needle positioning control [8] . Next, another application of pneumatic actuator has been reported to develop an active 80-faced Polyhedron for haptic physical human interface [9] .
III. PNEUMATIC ACTUATOR CONTRIBUTIONS
Lots of attributes offered by pneumatic actuators compared to hydraulic actuators and magnetic actuators. Pneumatic actuators used air as its source of energy. The preferences of using air compare to conventional actuator that used water and magnetic due to air is a free source and is easy availability [10] .
Hydraulic actuators need an external source of water supply to run a hydraulic system, while no external source required for pneumatic actuator to run a pneumatic system.
These lead to cost effective of pneumatic actuators compare to hydraulic actuators [10] .
Pneumatic actuators have a good power-to-weight ratio [3, [10] [11] . The density of air much lesser than water caused the decreasing of its weight-to-power ratio [10] .
Furthermore, pneumatic actuators offers capability in providing large maximum forces for a longer period of time compare to electrical actuators [11] . Electrical actuators contribute to overheating caused by thermal expansion for a longer period of time caused the increasing error of the performance [11] .
Pneumatic actuators are easy to build system design and is very flexible [4] . It can be design in range from lightweight, compact domestic appliances to heavy-duty industrial applications. Pneumatic actuators provide a clean operating conditions [3] and make it safe to be used.
However, pneumatic actuator is a highly nonlinear characteristic due to the air mass flow through the servo valve [11] and the friction force acting on the piston [11] . The best dynamic description is needed in order to develop a high performance position controller for pneumatic actuator system.
IV. PNEUMATIC ACTUATOR MODELING
Pneumatic actuator can be modeled from theoretical mathematical analysis or system identification. Many approaches have been proposed for pneumatic actuators modeling.
Most of researchers used theoretical mathematical analyses for modeling the pneumatic actuator. Three major considerations on obtaining the pneumatic actuator system: (1) the dynamic of the load, (2) the pressure, volumes and temperature of the air in cylinder, and (3) the mass flow rate through the valve [12] . Friction force exist in the pneumatic actuator system makes it difficult to control. Several researchers modeled friction force in order to develop friction compensation for high accuracy of controller performance.
This modeling review starts with review for theoretical mathematical model. Then the model review continued with linear modeling method and system identification method.
Next, the review of friction force modeling and pneumatic actuator model due to the physical or mechanical enhancement. The diagram of double acting pneumatic actuator system can be represented as shown in Figure 1 [12] . The dynamic of the loads was derived from piston load dynamics. The dynamic of the loads was derived based on Newton's second law. The piston-rod-load assembly dynamic equilibrium of motion was represented as [4, [12] [13] [14] [15] [16] :
where L M is the external load mass, P M is the piston and rod assembly mass, x is the piston position, β is viscous friction coefficient, f F is the coulomb friction force, L F is the external force, 1 P and 2 P are the absolute pressure in chamber 1 and 2, a P is the absolute ambient pressure, 1 A and 2 A are the piston effective areas and r A is the rod cross-sectional area. An innovation of actuating method, a pneumatic system model with piezoelectric (PZT)
actuator based on the two degree-of-freedom analytical (2-DOF) model was presented [17] . Figure 2 shows the diagram of 2-DOF analytic model based on PZT actuation. The 2-DOF analytical model governed the dynamic behavior by two coupled nonlinear differential equation. Two differential equation expressed as [17] : ) (
Instead on adiabatic flow in equation (3), the pressure dynamic was expressed based on thermal characteristics of adiabatic and isothermal as [12] [13] [14] [15] 19] :
where i P  is pressure dynamic in each chamber, R is universal gas constant, T is the temperature, in m  , out m  are mass flows entering and leaving the chamber and α , in α , and out α are values between 1 and k depend on the heat transfer during the process.
The volume of each chamber was expressed as [13] [14] :
where i is the cylinder chamber index, i V 0 is the dead volume in each chamber, L is the stroke length of the cylinder, x is the piston position and i A is the piston effective area.
In 2006, air leakage was considered in the pneumatic actuator modeling. The air leakage was expressed as [20] :
where d is an interstice height, l is an interstice length and Figure 3 shows the valve spool dynamic equation [12] . The modeling of this valve involves two aspects: the dynamic of the valve spool, and the mass flow rate through the valve's orifice. 
where s M is the spool and coil assembly mass, s x is the spool displacement, s C is the viscous friction coefficient, f F is the friction force and can be neglected, s k is the spool spring constant, fc K is the coil force coefficient, and c i is the coil current.
The mass flow rate through an orifice of area v A was represented as [12] [13] 19] :
where v m  is mass flow through valve orifice, f C is non-dimensional discharge coefficient, k is the specific heat ratio, T is the temperature, u P , d P are upstream and downstream pressure and 
are constant for a given fluid. For air
For charging, the pressure tank considered as upstream pressure and pressure in the chamber is considered as downstream pressure. In contrast, the pressure in the chamber considered as upstream pressure and ambient pressure considered as downstream pressure during discharging process.
The valve effective area for input and exhaust paths represented as [13] : 
where h n is the hole for an air path in sleeve, h R is the hole radius, w p 2 is the spool width.
However, a simple mathematical expression for the effective of valve orifice compared to equation (11) and (12) was represented as [21] :
where control spool movement ( s x ) relationship with voltage input ( u ) as [21] :
and v C is the valve constant.
Valve-cylinder connecting tube is a source for the air flow entering the cylinder chamber.
Most researchers neglected the effect of valve-cylinder connecting tube. There are several researchers assumed that the flow throughout the tube is either fully laminar or turbulent flow. The mass flow at the outlet is represented as [13] [14] :
where c is the sound speed, t R is the flow resistance and t L is the tube length.
The tube resistance obtained from the pressure drop along the tube [13] [14] :
where f is the attenuator factor and D is the inner diameter of the tube. For fully developed laminar flow:
where Re is the Reynolds number. Then, the tube resistance becomes [13] :
where µ is the dynamic viscosity of air.
For wholly turbulent flow in smooth tubes, the friction factor computed using Blasius formula [13] :
The tube resistance for wholly turbulent flow becomes [13] :
For the friction model, an asymmetrical Karnopp model of friction was presented in 2004 [22] . The asymmetrical Karnopp model of friction was expressed as: Instead of model friction based on Karnopp model, static friction model regards Coulomb friction and Stribect effect can be expressed as [11, 19] : The friction force then was extended modeled under the influence of the piston motion [23] . At the beginning of piston motion, sticking effects of friction was dominant (coulomb friction). During the piston motion, the viscous friction become dominant.
The friction model under different piston motion was expressed as [23] :
F are the static and dynamic friction forces, β is the coefficient of viscous friction, v is the piston velocity.
An improvement based on a physical device innovation was presented. A pneumatic model was extended with bridging of the dual action cylinder chamber [14] . The bridging was model used valve 2/2 with electromagnetic activation. The bridging with proposed valve offers a simple design and easy to built, flexible port design, small internal leakage, fast response time up to ms 4 and small internal friction. Moreover, the bridging reduced the spending of compressed air which good for energy saving. The mass compressed air was identical with mass flow rate in the equation (15) and (16) .
However, v A was designed to be constant. 
where pcl F and pcr F are resultant force exerted on the piston at the cushioning sections, A static state feedback pneumatic actuator linearized by regular static state feedback and coordinate transformation was presented [24] . Two main themes for this model: (1) the input-state linearization where the full state equation was linearized and (2) the inputoutput linearization where map from input to output was emphasized. The proposed model was discussed by pneumatic cylinder driven by a single five-port proportional valve and two three-port proportional valves. For five-port valve, the system inlet and outlet ports were not independent input. A coordinate transformation was used to linearized the model with respect to z and V. For three-port valves, the system was a multi-input and single output system. Same method used in five-port valve, a system was linearized with two independent input; 1 V and 2 V . For both valves, the input-output map was also linerized. For full state feedback, three parameters required to measure:
position, velocity, and 2 chambers pressure. As result, three sensors required to measure those parameters. For cost-effective in industrial, a pressure was replace by constant.
For the system identification, a complex mathematical derive from theoretical analysis is not required. A linear time-invariant model was developed based on system identification approach in 1995 [25] . The proposed model was performed by applying a least-square method to identify the plant. The model parameters were obtained by using the reduced second-order model and PID controller.
A linear process model for pneumatic actuator was obtained from experimental data by using system identification in 1997 [26] . The model data was recorded using open-loop test.
Two transfer functions were developed to represent the dynamic of pneumatic rodless cylinder [27] . The first transfer function developed based on linearization about an offcenter load position. The second transfer function derived for small perturbation about the mid-stroke position.
In 2001, a model-based control was presented using pole-placement control structure [28] . The proposed model used proportional control to obtain data. The plant model was calculated using least square parameter estimation.
Usually, model based on system identification is a linear function. An open-loop transfer function as expressed in equation (23) (27) where y is the position outputs of the cylinder, r is the input of the system , s K is the open-loop gain of the system, ζ is damping coefficient of the system and n ω is the intrinsic frequency.
Other approaches of system identification were black-box modeling and grey-box modeling. Two local linear model structures were introduced to describe the dynamic plant of servo-pneumatic actuators [30] . The two model structures were (1) A modified PID controller with acceleration feedback and two nonlinear compensations:
(1) time-delay minimization and (2) null offset compensation were presented in 1999 [33] . The two nonlinear compensations were used to solve time-delay problem and deadzone respectively.
Another friction compensation method developed by identified the differences behavior of real and virtual loads. The proposed method was combined with a PID velocity feed-forward and feedback (PID-VF) controller [42] . The results show that the proposed method was high degree of accuracy.
Instead of nonlinearities, several limitations exist in the derivative of the references signal and disturbance of piston velocity. A proportional feedback force controller with saturation was presented to solve the limitations in 2006 [43] .
A fuzzy PD-controller by using a trapezoid type 25 rules adopt by Mamdani model was designed [44] . Results demonstrate that system is stable resistance to disturbance and can be applied on any configurations of pneumatic servo drive.
A P, PI, PD and PID controller were study and simulation experiment were performed A robust SMC based on uncertain bound was investigated in 1997 [35] . Any bounded uncertainties in parameters of pneumatic servo system were investigated instead of lower and upper bound. A proposed controller was designed so that the error dynamic can converges to zero as time ∞ → t . However, undesired frequencies dynamics was excited due to the discontinuity from the proposed controller. The undesired frequencies were eliminated by smoothing the control law in the neighborhood of boundary layer.
Simulation and practical applied to the servo system has proven that the proposed controller can guarantee the tracking error can converges to zero as time ∞ → t .
Nevertheless, the controller scheme can only be used in a second-order pneumatic servo system.
There are several researchers who investigated the using of SMC. In 2000, an investigate to the effect of reducing order model-based controller was reported by using two force SMC controller [36] . First controller was developed based on detailed mathematical model of pneumatic system that addressed the dynamic of the valves and the effect of connecting tube. Second controller was developed by reduced order controller. For second controller, the valve dynamics and the time delay due to the tube was neglected.
However, for first controller, a complex online computation was needed for control law.
Both controllers were validated by numerical simulations and experiments. First controller provided slower performance at higher frequencies and when long connecting tube was used.
Next, another SMC controller effect was investigated in 2007 for linear plant and nonlinear plant [48] . Results demonstrated that, if payload is bigger than nominal, SMC [49] . By evaluate with external disturbances and variation of system parameters, system shows good performance, robust and chattering effect was eliminated. This method does not require an accurate modeling to achieve good performance.
A multiple surface Sliding Controller (MSSC) was then proposed in 2008 [37] . The proposed control algorithm performed by closed-loop based on Lyapunov's stability method. The benefits of this controller include that regardless the uncertainties and timevarying payload, the system is good in tracking performance. However, controller used SMC caused a chattering effect.
An improvement to reduce chattering phenomenon on the switching control signal was realized with a high-order SMC with robust differentiator that was presented in 2008 [50] . The controller used third-order SMC based on optimal linear quadratic control by using acceleration feedback. The acceleration was estimated by using differentiator via second-order SMC. Experimental and simulation results show that the maximum position error was less than mm 1 and the steady-state position error was about m µ
.
Next, another improvement on reducing chattering effect on the switching in SMC was introduced by a discrete fuzzy SMC for electro-pneumatic proportional system [29] . The Also reduced chattering effect, in 2010, a chattering-free robust variable structure controller (CRVC) was reported for position control [51] . CRVC was designed by combined the conventional SMC with the contriving feedback gain function.
Experimental and simulation result show that the advantages of conventional SMC retain while contriving feedback gain function reduced the chattering effect.
c. Adaptive Controller
For alternate control, in 2007 an adaptive control of pressure in chamber for pneumaticpressure-load system was designed by considering the state-parameters [52] . The designed used linear quadratic Gaussian self-tuning pressure regulator along with the unknown parameter that were estimated by using recursive forgetting factor least-squares (RFFLS) and state parameter by Kalman's filter. Simulation and experimental results
show that overshoot, steady-state error and response time have been effectively
improved. Designed controller was tested to parametric variation and it shows that an adaptive control for pneumatic-pressure-loads systems successfully achieved.
Next, a self-tuning control of low-friction pneumatic cylinder actuator under influence of gravity was investigated in 2001 [28] where low-friction pneumatic actuator provides small and predictable friction characteristics. A self-tuning of balance pressure control was performed by pole-placement control method to counteract the external force including gravity force in the pneumatic system. It is proven that the proposed controller was able to adapt changeable plant parameters including balancing term. The parameter vectors were calculated by recursive least squares identification equation.
Another improvement was to the self-tuning adaptive control by combining with discrete variable structure control (ADVSC) was proposed to reduce the chattering effect [39] .
Both controllers worked in parallel and position output was added in cascade. A selftuning adaptive control was designed based on autoregressive moving average model and least square parameter estimation algorithm. Online parameter identification scheme of self-tuning adaptive control can keep optimum sliding surface at anytime.
In 2009, the increasing of friction force at the seals based on LuGre model then was taken into account for an adaptive friction compensation [11] . The proposed controller consists of two back-stepping control loops in cascade: (1) underlying control loop and (2) Pressure controller which is using PID controller with feedback linearization is to nullify the nonlinearity due to compressibility of air. Otherwise, the position control was designed with the friction compensation using either: (1) the multi-layered perception type neural network, or (2) reduced-order nonlinear observer. For neural network, a
proper input was calculated using neural network to counteract the friction and linearize the plant dynamics. For nonlinear observer, the friction was estimated by an observer and was assumed to be proportional to the sign of the velocity.
Another improvement was introduced for a position control of an electro-pneumatic system using back-stepping design based on Lyapunov function to guarantee the stability of controller performance [38] . Back-stepping offer a more flexible way of dealing with uncertainties compared to the conventional feedback linearization. Next, a feedback linearization combined with a linear feedback control was developed to compensate the nonlinear effect due to the characteristics of pressure dynamic in chamber In 2003, a Quantitative-Feedback-Theory (QFT) control for linearized pneumatic positioning system was investigated to meet limited bandwidth [58] . This controller consists of QFT and outer loop control. The QFT control was designed to control with no limit cycle caused, whereas the outer loop control was designed to control position accuracy.
A fuzzy gain scheduler model-based controller design based on a combination of stabilizing local state feedback controller was proposed to control pneumatic actuator motion in 2004 [30] . A local linear model was derived from a black-box and grey-box modeling based on Takagi-Sugeno model that was discussed in the modeling section [30] . 
g. Others Controller
In 2002, a similar control law of traditional SMC was presented for LTI switching system with time delay of pneumatic actuators [5] . The valve used was on on-off solenoid type.
The proposed controller was designed with no equivalent term in the traditional SMC.
Based on Lyapunov function, stability and error convergence can be directly enforced. Another approach to improve the performance of pneumatic actuator is PWM technique that transforms a discontinuous switching model to a linear continuous was presented [59] . The linearization utilizing loop-shaping methods is used to stabilize the robustness of the system and avoid saturation limit. Experiments demonstrated the proposed method produces a good tracking performance.
In 2005, a PWM-driven solenoid valve was introduced to control the exhaust flow from the cylinder [60] . Duty cycles of PWM were determined from modified PD-controller.
The methods giving advantages of reducing the system cost.
Next, a high speed solenoid valve based on PWM algorithm was proposed to improved the reliability of the system [61] . Result shows that response speed and position accuracy were meet by using fast switching values.
Other control strategy has been investigated in 2004. A Genetic-Algorithm based fixedstructure robust ∞ H loop-shaping control has been proven successfully achieved good robust performance [62] . The designed controller was compatible with the specified open loop shape.
A Generalized Predictive Controller (GPC) was then proposed in 2008 for pneumaticpressure-load system [63] . System parameters were estimated using RFFLS. Thus, this control strategy had reduced the dead-zone and eliminated the overshoot but long time response.
Also in 2008, a Multiple Input Single Output (MISO) nonlinear position control law was developed by using back-stepping method [64] . The controller was design based on Lyapunov's function included the effects of friction modeling error and valve modeling error. As a result, the overall steady-state error was approximated to mm 05 . 0
. Steadystate error remains mm 05 . 0 ± although the diameter of cylinders is different.
Another controller strategy has been employed in 2010. An Exact Linearization Control (ELC) based on dynamic model of valve was proven to be suitable for improved then dynamic pressure step response [65] . The unknown parameters were estimated by using reference volume. The differences of expected and real mass flow rate were assume as disturbance and used as input for feed-forward transfer function. The proposed ELC improved the dynamic pressure step response.
VI. SUMMARY
The dynamic model widely describe by using nonlinear theoretical mathematical modeling. The major nonlinear mathematical modeling is based on piston load dynamics, the pressure, volumes, and temperature of air in the cylinder, and the mass flow rate through the valve. 
